The p53 tumor suppressor protein is important in cell-cycle control, apoptosis, and DNA repair. Mutations in p53 have been associated with inherited cancer susceptibility. Because there is a difference in the risk of lung cancer among different ethnic groups, we examined associations between ethnicity and three polymorphisms in p53 (one exonic and two intronic) and haplotypes for the three loci and risk of lung cancer. We also examined the functionality of the p53 variants in apoptosis and DNA repair. Methods: In a case-control study, we frequency matched (by age, sex, and ethnicity) 635 lung cancer case patients and 635 control subjects. p53 genotypes and haplotypes at the three polymorphic sites were determined by restriction fragment length polymorphism analysis of lymphocyte DNA. Odds ratios (ORs) and 95% confidence intervals (CIs) for the association between genotype or haplotype and lung cancer risk were determined by logistic regression analysis. Apoptosis and DNA repair capacity were measured in 22 lymphoblastoid cell lines to determine the functional effects of the polymorphisms. All statistical tests were two-sided. Results: Genotype and haplotype frequency distributions were strongly dependent on ethnicity; variant allele frequencies were highest in African-Americans (29.1%) and lowest in MexicanAmericans (12.2%). Each of the three polymorphisms was associated with an increased risk of lung cancer among all ethnic groups. Moreover, for all three polymorphisms, increased variant allele copy number was associated with increased risk of lung cancer. Similarly, the variant haplotypes were also associated with an increased risk for lung cancer. Lymphoblastoid cell lines with all wild-type alleles at the three loci had statistically significantly higher apoptotic in-
Substantial evidence has accumulated to indicate that there is interindividual variation in susceptibility to lung cancer (1) . This susceptibility is modulated, at least in part, by polymorphisms in genes encoding DNA repair proteins, cell-cycle control proteins, and metabolic enzymes. The gene for the tumor suppressor protein, p53, which is critical for DNA repair and cell-cycle control, is known to contain a variety of polymorphisms and mutations. Thirteen different polymorphisms have been detected in the human p53 gene, of which five were found in exons and eight in introns. The five coding region polymorphisms include a C → T transition in codon 21 (2) , a G → A transition in codon 36 (3), a C → T transition in codon 47 (4) , a G → C transversion in codon 72 (5) (6) (7) , and an A → G transition in codon 213 (8) . Of the five polymorphisms, those in codons 21, 36 , and 213 are silent-that is, they do not result in a change in the encoded amino acid sequence. The polymorphism in codon 47 results in a proline to serine substitution, and the polymorphism in codon 72, which is in exon 4, results in an arginine to proline substitution. Whereas the codon 47 polymorphism is rare (4), the codon 72 polymorphism is common (7) .
Mutation of p53 is considered an important genetic event in the development of lung cancer (9) . Although the relationship between the polymorphism in codon 72 and lung cancer has been studied, the results have been inconsistent (7, (10) (11) (12) (13) . Three studies (7, 10, 14) found no association between the codon 72 p53 single-nucleotide polymorphisms and lung cancer. However, Fan et al. (13) found that, compared with the wild-type Arg/Arg genotype, the Pro/Pro and Pro/Arg genotypes were associated with an increased risk of lung adenocarcinoma in Caucasians. Furthermore, we previously reported that patients with the Pro/ Pro genotype were diagnosed with lung cancer at an earlier age and had smoked fewer pack-years than patients with the Arg/ Arg or Arg/Pro genotypes (10) . Compared with the wild-type Arg/Arg genotype, risk estimates for the Pro/Pro genotype were statistically significantly high for patients younger than 53 years and for patients who reported smoking fewer than 30 pack-years (10) .
The eight intronic p53 polymorphisms include a variable number of tandem repeat regions in intron 1 (15) , a HaeIII restriction fragment length polymorphism (RFLP) in intron 1 (16) , a G → C transversion in intron 2 (38 basepairs [bp] downstream of exon 2) (17), a 16-bp duplication in intron 3 (18, 19) , a G → A transition in intron 6 (20) , a G → C transversion 37 bp upstream of the 5Ј end of exon 7 (21) , an ApaI RFLP in intron 7 (22) , and an A → T transversion in intron 10 (23) . Although introns were originally believed to be nonfunctional because they do not code for proteins, it has been suggested that some of these sequences do indeed have relevance (24) . Mutations in intron sequences may initiate aberrant pre-messenger RNA (mRNA) splicing, producing an mRNA that may be translated into a defective protein (21) . Furthermore, intronic polymorphisms may influence coding-region mutations that increase the likelihood of a deleterious phenotype (25) . Because introns have also been implicated in regulating gene expression and DNAprotein interactions (26) (27) (28) , mutations in intron sequences may affect these functions.
Similar to the studies regarding the polymorphism in codon 72, studies of the association between certain types of cancers and polymorphisms in introns 3 and 6 of p53 have yielded conflicting results (14, (29) (30) (31) (32) (33) . Birgander et al. (33) found no association between the two polymorphisms and lung cancer risk. However, Biros et al. (14) reported a higher frequency of the intron 6 polymorphism in patients with lung cancer than in control subjects. Studies of the association between polymorphisms in introns 3 or 6 with other cancers also had inconsistent results (29) (30) (31) (32) 34) . For example, although Runnebaum et al. (29) noted an eightfold elevated risk for ovarian cancer in patients with the intron 3 variant genotype compared with patients with the intron 3 wild-type genotype, Lancaster et al. (31) and Campbell et al. (32) found no such association. Mavridou et al. (30) found a statistically significant difference in the distribution of the intron 6 polymorphism between healthy Caucasian control subjects and patients with ovarian cancer but found no difference between control subjects and patients with breast cancer. In contrast, in a small sample, Peller et al. (34) reported a statistically significant association between the intron 6 polymorphism and the risk of breast and colon cancers.
Several studies (33, (35) (36) (37) have estimated the haplotype frequencies for the polymorphisms in exon 4 and introns 3 and 6 and determined that the p53 haplotypes were associated with risk for lung (14, 33) , colorectal (35) , and breast cancers (38) . Haplotypes constitute the allele status at several linked loci on the same chromosome. Knowledge of the accumulated number of variants on the same chromosome may provide additional information about changes in p53 function because there could be additive or multiplicative changes in function. Furthermore, because haplotypes define multiple loci, they may be more precise and useful than genotypes in providing risk estimates for particular cancers.
The frequencies of the polymorphism tend to differ by ethnicity. Therefore, we carried out a case-control analysis to examine whether the polymorphisms in exon 4 and introns 3 and 6 of p53 and their haplotypes are associated with differences in the risk of lung cancer in Caucasians, African-Americans, and Mexican-Americans. We also examined the functional consequences (i.e., on several p53 activities) of the polymorphisms.
METHODS

Study Population
Case patients were newly diagnosed, histologically confirmed, and previously untreated (by radiotherapy or chemotherapy) lung cancer patients consecutively recruited from The University of Texas M. D. Anderson Cancer Center in Houston, Texas. Approximately 22.6% of eligible case patients refused or were too ill to participate, leaving 635 case patients for the analyses. The control subjects were recruited from 20 area clinics of a large multispeciality health maintenance organization in the Houston metropolitan area. With a response rate of participation for the control subjects around 75%, 635 control subjects were ultimately recruited into the study. The control subjects visited the clinics for annual checkups. They had no prior history of cancer, with the exception of nonmelanoma skin cancer. There were no age, sex, or ethnic restrictions.
All subjects enrolled in the study were asked to sign an informed consent form, following the Institutional Review Board guidelines, before being interviewed. A detailed questionnaire was administered by trained interviewers to all study participants to gather demographic data and smoking history (smoking status, number of pack-years smoked, number of years smoked, and average number of cigarettes smoked per day). After the interview, 30 mL of blood was collected into heparinized tubes, which were coded with a unique study identification number and delivered to the laboratory for immediate DNA isolation. The control subjects were matched to the case patients by age, sex, ethnicity, and smoking status. Smoking status was divided into three categories: never, former, and current smokers. A never smoker was someone who had never smoked or had smoked fewer than 100 cigarettes in his or her lifetime. A former smoker was someone who reported a history of smoking but had stopped at least 1 year before being diagnosed with lung cancer (or 1 year before enrollment in the study, for control subjects). A current smoker was someone who currently smoked or who had stopped smoking less than 1 year before being diagnosed with lung cancer (or less than 1 year before enrollment in the study, for control subjects). Pack-years were defined as the average number of cigarettes smoked per year divided by 20 cigarettes and then multiplied by years smoked.
Genotyping p53 Polymorphisms
Genomic DNA was isolated from peripheral blood lymphocytes by proteinase K digestion followed by isopropanol extraction and ethanol precipitation. Next, restriction fragment length polymorphism (RFLP)-polymerase chain reaction (PCR) was used to amplify p53 exon 4 codon 72, intron 3, and intron 6 fragments within which the polymorphisms fall. Each PCR reaction was performed in a 40-L mixture containing 1 × PCR buffer (500 mM KCl, 100 mM Tris-HCl, and 1.0% Triton X-100; Promega, Madison, WI), 1.9 mM MgCl 2 , 0.25 mM dNTPs, 0.5 M each primer, 50 ng template DNA, and 2 U Taq polymerase in storage buffer B (20 mM Tris-HCl, 100 mM KCl, 0.1 mM EDTA, 1 mM DTT (1,4-dithiothreitol), 50% glycerol, 0.5% Nonidet P-40, and 0.5% Tween 20; Promega). The PCR cycling conditions were 94°C for 5 minutes, followed by 30 cycles at 94°C for 30 seconds, 55°C for 30 seconds, and 72°C for 30 seconds, with a final extension step at 72°C for 7 minutes.
For the exon 4 codon 72 polymorphism, the primers (5Ј-CTGGTAAGGACAAGGGTTGG-3Ј and 5Ј-ACTGACCGTG-CAAGTCACAG-3Ј) amplified a 396-bp DNA fragment. Next, the PCR product was digested with 10 U of BstUI (New England Biolabs, Beverly, MA). After an overnight digestion, the products were separated by gel electrophoresis (4% agarose gel for 30 minutes at 220 V) and visualized after staining with ethidium bromide. DNA from wild-type (WW) homozygotes produced 165-bp and 231-bp bands; DNA from wild-type/mutant (WM) heterozygotes produced 165-bp, 231-bp, and 396-bp bands; DNA from mutant (MM) homozygotes produced a 396-bp band.
For the intron 3 polymorphism, the primers (5Ј-TGGGACTGA-CTTTCTGCTCTT-3Ј and 5Ј-TCAAATCATCCATTGCTTGG-3Ј) amplified 180-bp or 196-bp fragments. DNA from WW homozygotes produced the 180-bp band; DNA from WM heterozygotes produced both bands; DNA from MM homozygotes produced the 196-bp band.
For the intron 6 polymorphism, the primers (5Ј-TGGCCATCT-ACAAGCAGTCA-3Ј and 5Ј-TTGCACATCTCATGGGGTTA-3Ј) amplified a 404-bp fragment. The PCR product was digested with 10 U of MspI (New England Biolabs). DNA from WW homozygotes produced 68-bp and 336-bp bands; DNA from WM heterozygotes produced 68-bp, 336-bp, and 404-bp bands; and DNA from MM homozygotes produced a 404-bp band.
The genotyping data were recorded by two independent readers who were blinded to the case-control status of the samples. Samples with ambiguous results, and 10% of randomly selected samples, were run in duplicate to ensure quality control.
p53 Haplotype Determination p53 haplotypes could be inferred directly from the genotyping results for individuals who were heterozygous at only one site or at no sites. For the other individuals, modified allelespecific PCR and RFLP-PCR methods described by Weston et al. (38) were used to determine the haplotypes.
For individuals who were heterozygous at only the intron 6 MspI restriction site (WW-WW-WM for exon 4-intron 3-intron 6 polymorphisms, respectively), PCR with the primer 5Ј-CCCCCCTACTGCTCACCC-3Ј and the 5Ј-end primer 5Ј-TTCCTGAAAAACAACGTTCTGG-3Ј were used to amplify a 1618-bp fragment. Because the 3Ј-end primer was designed to be complementary to the MspI restriction site wild-type allele, these primers amplify only the wild-type allele of intron 6.
To determine the haplotype relationship between intron 3 and intron 6, PCR with the primers 5Ј-TTCCTGAAAAACAAC-GTTCTGG-3Ј and 5Ј-TCAAATCATCCATTGCTTGG-3Ј were used to amplify 147-bp or 163-bp fragments from the wild-type intron 6 PCR product. The presence of a 147-bp band indicated that the two variant alleles (M-alleles) were on the same chromosome, whereas the presence of a 163-bp band indicated that the two M-alleles were on different chromosomes.
To determine the haplotype relationship between the exon 4 and intron 6 alleles, PCR with the primers used to genotype exon 4 was used to amplify the 396-bp or 165-bp and 231-bp fragments. The presence of a single 396-bp band indicated that the two M-alleles were on different chromosomes, whereas the presence of the 165-bp and 231-bp bands indicated that the M-alleles were on the same chromosome.
For individuals who were heterozygous at exon 4 and intron 3 but not intron 6 (WM-WM-WW and WM-WM-MM), PCR with the primers 5Ј-ATGGGACTGACTTTCTGCTCTT-3Ј and 5Ј-ACTGACCGTGCAAGTCACAG-3Ј were used to amplify 430-bp and 446-bp fragments. After amplification, the PCR product was digested overnight with 10 U of BstUI (New England Biolabs) and then separated on a 4% agarose gel by electrophoresis, following the same protocol as that for exon 4. The presence of 215-bp, 231-bp, and 430-bp bands indicated that the two M-alleles were on the same chromosome, whereas the presence of 199-bp, 231-bp, and 446-bp bands indicated that the two M-alleles were on different chromosomes.
Two independent readers who were blinded to the casecontrol status of the samples recorded the haplotying data. Samples with ambiguous results, and 10% of randomly selected samples, were run in duplicate to ensure quality control. We also compared the haplotype data with the genotype data for consistency.
Lymphoblastoid Cell Lines
Twenty-two B-lymphoblastoid cell lines from healthy donors were provided by Dr. T. C. Hsu (M. D. Anderson Cancer Center, Houston) and Dr. G. E. Tomlinson (The University of Texas Southwestern Medical Center). These cell lines were not derived from any of the control subjects used in the genotype and haplotype analyses. The lymphoblastoid cell lines were genotyped at the three p53 loci.
Apoptosis Assay
Radiation exposure induces apoptosis in lymphoblastoid cells. We assessed whether there was any difference in the apoptotic response to radiation in the lymphoblastoid cells by p53 genotypes. Cells in the logarithmic phase of growth were plated at 1 × 10 5 /mL in 10 mL medium in 25-cm 2 flasks 24 hours before irradiation. Standardization experiments (39) were performed at a ␥-radiation dose of 2.5 Gy from a 137 Cs source at room temperature. All cells were processed together, with the exception that the control cells were not irradiated. Irradiated and control cells were harvested at 48 hours after ␥-irradiation. All cells were pelleted by centrifugation, resuspended with 4% paraformaldehyde in phosphate-buffered saline (PBS), fixed for 1 hour, rinsed with PBS, permeabilized with 0.5% Triton X-100 for approximately 10 minutes, and rinsed with PBS twice more.
The cells were next processed according to the manufacturer's recommended protocol for the detection of apoptosis with the use of the TUNEL (transferase uridyl nick end labeling assay; in situ cell death detection) assay kit (Boehringer Mannheim Corp., Indianapolis, IN). The difference in the percentage of TUNEL signal positive cells in irradiated versus control cells was recorded as the apoptotic index. Each cell line was tested three times.
DNA Repair Assay
To assess DNA repair capacity (DRC) in the lymphoblastoid cell lines, the cells were transfected with a chemically damaged luciferase reporter gene plasmid construct. Because only the plasmids whose DNA damage was repaired would express the luciferase protein, the quantity of luciferase protein expression was used as a marker for the efficiency of DNA damage repair. Briefly, pGL-3 plasmid DNA (0.5 mg/mL) (Promega) was treated with benzo[a]pyrene diol epoxide (BPDE) (45 M) (Midwest Research Institute, Kansas City, MO) and then incubated for 3 hours at room temperature. After incubation, the plasmid DNA was precipitated with 99% ethanol, washed with 75% ethanol, dissolved in 0.1 M Tris-EDTA buffer at a final concentration of 0.25 mg/mL, and stored in a -20°C freezer until used to transfect the cells. Lymphoblastoid cell lines (2 × 10 5 cells/mL) were transfected with untreated or BPDE-treated pGL-3 plasmid DNA (0.5 g) in triplicate by the DEAEDextran Transfection System (Promega). After 48 hours, luciferase activity was measured in a luminometer (Lumat LB 9507; Berthold Technologies GmbH, Bad Wildbad, Germany) using Luciferase Assay Systems (Promega), following the manufacturer's instructions. DRC was defined as the ratio of the luciferase activity of the cells transfected with BPDE-treated plasmids to that of cells transfected with untreated plasmids. For each cell line, the average of three experiments was recorded.
Statistical Analysis
Pearson's 2 test or Fisher's exact test (when the expected number in any cell was less than five) was used to compare the distribution of the p53 genotypes and haplotypes between case patients and control subjects. All analyses were stratified by ethnicity because it was a major confounding factor. Student's t test was used to compare the continuous independent variables, such as age and pack-years smoked, between case patients and control subjects. The overall ethnic-specific genotype frequencies in the control subjects were compared with the frequencies expected by the Hardy-Weinberg equilibrium by goodness-offit 2 . For sparse genotype data, we used permutation testing as described in Guo and Thompson (40) to assess the statistical significance of tests for the Hardy-Weinberg equilibrium. Linkage disequilibrium analysis was performed for all three ethnic groups. The disequilibrium parameters (D and DЈ) and the 2 values for statistical significance and their corresponding P values were calculated. The Lewontin (41) two-locus model and the Thomson and Baur (42) three-locus model were used to determine DЈ. D is a measure of the difference between the frequency of a haplotype and the frequency that is expected under HardyWeinberg Equilibrium. DЈ is a standardized version of D that ranges from 0 to 1. Genotype frequencies were compared between case patients and control subjects using a goodness-of-fit test. Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated as a measure of association with cancer risk. Unconditional logistic regression analysis was used to adjust for the effect of covariates such as age, sex, and smoking status or pack-years smoked. For estimating the risk of developing lung cancer for case patients with combinations of genotypes and haplotypes, we restricted the analysis to Caucasians because too few Mexican-Americans and African-Americans were included in the study. The trend tests were conducted using a score test (43) . Interaction terms were created between genotypes and then tested in a logistic regression model. These statistical analyses were performed using STATA software (44) . The linkage disequilibrium analysis was performed using EH (EH-plus) software (45) . StatExact (46) was used to calculate the P value by using a Monte-Carlo method to simulate 1 000 000 replicate tables having the same marginal proportions; Fisher's exact test was then used to compare the observed data to simulated data and thus generate a significance level. All statistical tests were two-sided.
RESULTS
Distribution of Demographic Characteristics
We used a case-control approach to examine whether the exon 4 and introns 3 and 6 polymorphisms and the haplotypes in p53 were associated with risk of lung cancer. The distributions of demographic characteristics of the case patients and control subjects are summarized in Table 1 . The case patients and control subjects were matched on age, sex, ethnicity, and smoking status. Although the case patients smoked more cigarettes per day than the control subjects (28.3, 95% CI ‫ס‬ 27.1 to 29.5; and 27.9, 95% CI ‫ס‬ 26.6 to 29.2, respectively), this difference was not statistically significant (P ‫ס‬ .285). The only statistically significant difference between the case patients and control sub- †Never smokers were defined as people who had never smoked or had smoked fewer than 100 cigarettes in his or her lifetime. Former smokers reported a history of smoking but had stopped at least 1 year before being diagnosed with lung cancer (or 1 year before enrollment in the study, for control subjects). Current smokers were currently smoking or had stopped smoking less than 1 year before being diagnosed with lung cancer (or less than 1 year before enrollment in the study, for control subjects).
‡For ever smokers only.
jects was in the pack-years smoked (52.0, 95% CI ‫ס‬ 49.1 to 54.9; and 47.3, 95% CI ‫ס‬ 44.6 to 50.0, respectively; P ‫ס‬ .005).
Distribution of Genotypes
The genotypes for the three polymorphisms were stratified by ethnicity to determine genotype and M-allele (variant allele) frequencies (Table 2 ). There were statistically significant differences in the distribution of the genotypes among the ethnic groups for exon 4 (P<.001) and intron 6 (P ‫ס‬ .019) but not for intron 3 (P ‫ס‬ .160). Caucasian and Mexican-American control subjects had the highest frequency of the exon 4 wild-type allele (W), whereas African-American control subjects had the highest frequency of the exon 4 variant allele (M). In African-American control subjects, the M-allele was more than twice as common (0.46) than in Caucasian or Mexican-American control subjects (0.20 and 0.21, respectively). Similar results were also seen for the intron 3 and intron 6 M-allele, with the highest frequency occurring in African-Americans and the lowest frequency occurring in Mexican-Americans ( Table 2 ). The distribution of the M-alleles in all the control subjects was in agreement with Hardy-Weinberg equilibrium; the only deviation was for exon 4 in Caucasian control subjects (P ‫ס‬ .016).
Distribution of Haplotypes
We next determined the p53 haplotypes, which are reported in the order of exon 4-intron 3-intron 6 (i.e., M-W-W represents a mutant exon 4 allele, wild-type intron 3 allele, and wildtype intron 6 allele). There was a statistically significant difference in the haplotype distributions among the three ethnic groups (P<.001) (Table 3) . Overall, an M-allele was most common in African-Americans (29.1%), less common in Caucasians (14.2%), and least common in Mexican-Americans (12.2%). The M-M-M haplotype was more than twice as common in African-Americans than in Caucasians or Mexican-Americans (13.7%, 6.5%, and 5.1%, respectively). The W-M-W haplotype was not detected in Mexican-American or African-American control subjects.
Risk Estimates for p53 Polymorphisms
We estimated the risk of lung cancer associated with each p53 polymorphism by comparing the risk associated with each genotype with that associated with the WW genotype. We analyzed the mutant genotypes separately for Caucasians but combined them for Mexican-Americans and African-Americans because of the small sample sizes. †n is the number of alleles. Because each individual has two alleles, the total number of alleles will be twice that of the total number of individuals. Individuals with missing genotyping data were not included in the analyses.
‡Monto-Carlo method and Fisher exact test were used to calculate the P value.
In Caucasians, an increase in the M-allele copy number was associated with an increase in the risk of lung cancer for all three polymorphisms (Table 4) . Compared with subjects with only wild-type alleles, subjects with one or two copies of the exon 4 M-allele had an increased risk of lung cancer (adjusted OR for one M-allele ‫ס‬ 1.37; 95% CI ‫ס‬ 1.01 to 1.86, and adjusted OR for two M-alleles ‫ס‬ 1.67; 95% CI ‫ס‬ 0.94 to 2.98). Similarly, increased risks were also associated with one or two copies of the intron 3 M-allele (adjusted OR for one M-allele ‫ס‬ 1.77; 95% CI ‫ס‬ 1.24 to 2.52, and adjusted OR for two M-alleles ‫ס‬ 2.37; 95% CI ‫ס‬ 0.76 to 7.39). The highest risks were noted for intron 6 M-allele (adjusted OR for one M-allele ‫ס‬ 1.95; 95% CI ‫ס‬ 1.40 to 2.70, and adjusted OR for two M-alleles ‫ס‬ 2.45; 95% CI ‫ס‬ 0.77 to 7.78).
Compared with the wild-type alleles, only the intron 3 polymorphism was associated with a statistically significantly increased risk for lung cancer for Mexican-Americans (adjusted OR ‫ס‬ 4.43; 95% CI ‫ס‬ 1.40 to 14.00), although the other polymorphisms were also associated with elevated risks (adjusted OR for exon 4 polymorphism ‫ס‬ 1.63; 95% CI ‫ס‬ 0.65 to 4.05, and adjusted OR for intron 6 polymorphism ‫ס‬ 1.79; 95% CI ‫ס‬ 0.63 to 5.06) (data not shown). For African-Americans, the adjusted OR associated with the intron 3 polymorphism was 1.23 (95% CI ‫ס‬ 0.55 to 2.72), the adjusted OR for intron 6 polymorphism was 1.33 (95% CI ‫ס‬ 0.63 to 2.85), and the adjusted OR for exon 4 polymorphism was 0.93 (95% CI ‫ס‬ 0.41 to 2.14) (data not shown).
We found no statistically significant differences between the genotype distribution and cancer histology within any ethnic group (P ‫ס‬ .51 for intron 3, P ‫ס‬ .12 for intron 6, and P ‫ס‬ .13 for exon 4 for Caucasians; P ‫ס‬ .40 for intron 3, P ‫ס‬ .77 for intron 6, and P ‫ס‬ .89 for exon 4 for Mexican-Americans; and P ‫ס‬ .41 for intron 3, P ‫ס‬ .79 for intron 6, and P ‫ס‬ .63 for exon 4 for African-Americans) (data not shown).
Risk Estimates for Combined Genotypes in Caucasians
To further explore the role of p53 polymorphisms in lung cancer risk, we performed genotypic combinations analyses (reported as exon 4-intron 3-intron 6) in Caucasian case patients and control subjects ( Table 5) . Because of the small number of Mexican-American and African-American subjects, we restricted this analysis to Caucasians. Overall, individuals harboring different genotypic combinations of the three polymorphisms appeared to be at increased risk for lung cancer. The adjusted OR for lung cancer for individuals who had the WM or MM genotype at exon 4 and WW at other loci was 1.50 (95% CI We next tested for an interaction among the polymorphisms and found that there was no statistically significant interaction between intron 3 and intron 6 (P ‫ס‬ .42). We did detect a negative interaction between intron 3 and exon 4 (P ‫ס‬ .04) and a negative interaction between intron 6 and exon 4 (P ‫ס‬ .03) (data not shown).
Risk Estimates for p53 Haplotypes
ORs associated with various p53 haplotypes in Caucasian case patients and control subjects are presented in Table 6 . The predominant haplotype consisted of the wild-type alleles (W-W-W). With the exception of the M-M-W haplotype, each of the other haplotypes with at least one M-allele was associated with increased risk for lung cancer, although not all risk estimates achieved statistical significance. The adjusted OR for lung cancer associated with any M-allele was 1.47 (95% CI ‫ס‬ 1.21 to 1.79). Individuals with either the intron 3 M-allele or intron 6 M-allele in combination with the exon 4 M-allele had lower risks of lung cancer. These risks were similar to those seen in Table  5 . For example, for individuals with the W-W-M haplotype, the adjusted OR was 1.78 (95% CI ‫ס‬ 1.02 to 3.12), but the adjusted OR was only 1.17 (95% CI ‫ס‬ 0.67 to 2.02) for the M-W-M haplotype. For intron 3, the highest OR was associated with the W-M-M haplotype (adjusted OR ‫ס‬ 2.33; 95% CI ‫ס‬ 1.12 to 4.83), compared with 1.70 (95% CI ‫ס‬ 1.23 to 2.35) for the M-M-M haplotype.
Linkage Disequilibrium Analysis
To examine the linkage among the three loci (exon 4, intron 3, and intron 6), we performed linkage disequilibrium analysis.
In 
Effect of p53 Genotypes on Apoptosis and DNA Repair
We tested the apoptotic response and DNA repair capacity in 22 lymphoblastoid cell lines that differed with respect to their p53 polymorphisms to examine the functional relevance of the three polymorphisms. We generated an apoptotic index by comparing the apoptotic index in irradiated lymphoblastoid cells with that of unirradiated cells. The apoptotic index by the TUNEL assay for the 22 lymphoblastoid cell lines ranged from 0.64% to 25.9%. As shown in Table 7 , the mean apoptotic index was 13.66% (95% CI ‫ס‬ 8.61% to 18.71%) for cell lines with the WW-WW-WW genotype, 4.29% (95% CI ‫ס‬ 2.23% to 6.35%) for those with at least one variant allele, and 3.50% (95% CI ‫ס‬ 1.08% to 5.91%) for those with at least one variant allele at all three sites. A single cell line with a MM-MM-MM genotype had an apoptotic index of 1.64%.
We also compared the ability of the 22 lymphoblastoid cell lines to repair chemically damaged DNA. The DNA repair capacity ranged from 7.0% to 46.2%. The mean DNA repair capacity was 27.63% (95% CI ‫ס‬ 21.72% to 33.53%) for cell lines with WW-WW-WW, 20.45% (95% CI ‫ס‬ 13.11% to 27.80%) for those with at least one variant allele, and 17.48% (95% CI ‫ס‬ 7.99% to 26.96%) for those with at least one variant allele at all three sites (Table 7) . A single cell line with a MM-MM-MM genotype exhibited a DNA repair capacity of 15.6%.
DISCUSSION
We evaluated the frequency distributions of p53 exon 4, intron 3, and intron 6 polymorphisms in a lung cancer case-control study. When participants were stratified according to ethnicity, the p53 polymorphisms were associated with an elevated lung †n is the number of alleles. Because each individual has two alleles, the total number of alleles will be twice the total number of individuals. Individuals with missing haplotyping data were not included in the analyses.
‡ORs were adjusted by age, sex and smoking status.
cancer risk for all three ethnic groups (Caucasians, MexicanAmericans, and African-Americans), with the exception of exon 4 in African-Americans. The three polymorphisms were strongly linked, and there were gene-dose effects for all three polymorphisms among Caucasians. We observed that the haplotypes with the M-allele, consistent with these findings, were associated with an increased risk for lung cancer. The association may be attributable to changes in p53 function because lymphoblastoid cell lines with all wild-type alleles exhibited the highest mean apoptotic index and DNA repair capacity, whereas those with at least one mutant allele at all three polymorphic sites had the lowest indices.
Although it is unclear which polymorphism is responsible for the changes in p53 function in the lymphoblastoid lines, the exon 4 polymorphism is the most likely candidate. Thomas et al. (47) reported that the p53 exon 4 mutant polymorphism was less efficient in suppressing cell transformation and slower in inducing apoptosis than was the p53 exon 4 wild-type protein. Likewise, Marin et al. (48) demonstrated that the p53 exon 4 wildtype protein was more efficient than the p53 exon 4 mutant protein at binding and inactivating p73, a tumor suppressor protein responsible for apoptosis. Although the effect of the polymorphism may be to inhibit p53 function in vitro, whether this effect also occurs in vivo remains to be determined. Brooks et al. (49) noted that p53 loss of heterozygosity in tumor tissue was more common in individuals who were heterozygous at codon 72 than in those who were homozygous at codon 72. In our study, in agreement with others (40, 41) , we noted that the exon 4 polymorphism may have a functional effect. We found that the exon 4 polymorphism alone was a statistically significant risk factor for lung cancer in Caucasians; however, in conjunction with introns 3 and 6 variants, the exon 4 polymorphism was associated with lower risk. Likewise, Birgander et al. (33) suggested that the exon 4 variant, in conjunction with an intron 3 variant, might exert a protective effect rather than a detrimental effect for lung and colorectal cancers. Clearly, more studies are needed to assess the relationship between the exon 4 polymorphism and p53 function.
Our data also suggest that the intron 3 and intron 6 M-alleles might exert a functional effect. We noted that as the copy number of the M-allele in introns 3 and 6 increased, the level of the apoptotic index decreased. In addition, cell lines with at least one variant allele at all three polymorphic sites had a statistically significantly reduced DNA repair capacity compared with cell lines with all wild-type alleles. Reduced DNA repair capacity and apoptotic responses have been linked to an increased risk of lung cancer (50, 51) . Avigad et al. (28) reported a germline variant in p53 intron 6 (a G-to-A transition 39 bp upstream of exon 7) in six pediatric patients with diverse tumors, all of which were part of the Li-Fraumeni syndrome. Lehman et al. (52) reported a G-to-C base change at nucleotide 13 964 in intron 6 of p53 in patients with hereditary breast cancer but not sporadic breast cancer. The patients with hereditary breast cancer with this mutation had strong family histories of multiple types of cancers and high levels of mutant p53 protein. Two immortalized lymphoblastoid cell lines derived from these patients had prolonged in vitro survival and decreased chemotherapy-induced apoptosis after treatment with cisplatinum, suggesting that the mutation in the p53 gene changes p53 function (52) .
We found that the WW-WW-WW genotype was the most prevalent genotype in lung cancer case patients and control subjects but was more common in control subjects than in case patients. A similar observation has been documented for colorectal cancer and breast cancer (35, 37) . The haplotype distribution in our study is similar to that found by Weston et al. (38) , who suggested that p53 minor haplotypes are associated with risk of breast cancer in Caucasians. Similarly, we found that the minor haplotypes were statistically significantly associated with an elevated risk of lung cancer, with the highest risk found in individuals with the W-M-M haplotype. In addition, we and Sjalander et al. (53) found that the three polymorphisms are in strong linkage disequilibrium. Wang-Gohrke et al. (54) reported a strong linkage disequilibrium between intron 3 and intron 6 polymorphisms in healthy control subjects and ovarian cancer patients, and Birgander et al. (33) showed a strong linkage disequilibrium between the exon 4 and intron 3 variant alleles. Although we had originally hypothesized that the inclusion of haplotype information might improve the fit of our risk models, we did not observe any substantial improvement in models that included haplotypes over models with alleles at each locus. Because of the strong linkage disequilibria among the markers, larger sample sizes may resolve whether any relative improvement in modeling might be obtained by haplotyping. However, although there may be some rare genotype combinations for which further studies with haplotypes may be warranted, for the majority of subjects it appears that genotyping the different loci provides adequate information for risk model-building.
It is evident from our data that the variant allele and haplotype frequencies were strongly dependent on ethnicity. An expanding body of literature demonstrates that ethnic differences in cancer incidence may be partly caused by host genetic factors, particularly genetic polymorphisms (54) (55) (56) . Lung cancer incidence rates are highest in African-Americans and lowest in Mexican-Americans. The difference is not explained solely by patterns of cigarette smoking (56, 57) . The difference may be related, in part, to the prevalence of the MM genotype for exon 4; 21.6% in African-American control subjects and only 7.7% in Mexican-American control subjects, similar to that previously reported (10) . Among the control subjects in this study, the frequencies of the variant allele were highest in AfricanAmericans, intermediate in Caucasians, and lowest in MexicanAmericans. There was a similar trend in haplotype frequencies.
If the M-allele variant is associated with a risk of lung cancer, the lower frequencies in Mexican-Americans may partly explain their apparent lower rates of lung cancer. In summary, we present data suggesting that p53 polymorphisms are associated with the risk of lung cancer, possibly by affecting p53 functional activity. Further studies are needed to determine the mechanism by which exon 4 and introns 3 and 6 variants modify cancer risk.
